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Free radicalsThe ubiquitin–proteasome system governs the half-life of most cellular proteins. Calorie restriction (CR)
extends the maximum life span of a variety of species and prevents oxidized protein accumulation. We
studied the effects of CR on the ubiquitin–proteasome system and protein turnover in aging Saccharomyces
cerevisiae. CR increased chronological life span as well as proteasome activity compared to control cells. The
levels of protein carbonyls, a marker of protein oxidation, and those of polyubiquitinated proteins were
modulated by CR. Controls, but not CR cells, exhibited a signiﬁcant increase in oxidized proteins. In keeping
with decreased proteasome activity, polyubiquitinated proteins were increased in young control cells
compared to time-matched CR cells, but were profoundly decreased in aged control cells despite decreased
proteasomal activity. This ﬁnding is related to a decreased polyubiquitination ability due to the impairment of
the ubiquitin-activating enzyme in aged control cells, probably related to a more oxidative microenviron-
ment. CR preserves the ubiquitin–proteasome system activity. Overall, we found that aging and CR modulate
many aspects of protein modiﬁcation and turnover.CR, calorie restriction; DTNB,
l; GSH, reduced glutathione;
ride; Tris, tris(hydroxymethyl)
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Aging is a progressive and irreversible process that increases the risk
of disease and death. Despite its ubiquity among eukaryotic organisms,
aging is still poorly deﬁned, not only because of its pleiotropic and
complex character, but also because of the difﬁculties in separating
aging outcomes from those of speciﬁc age-related diseases [1].
Saccharomyces cerevisiae is an important model organism for
aging-related research. Although some aspects of aging in yeast are
speciﬁc to this organism, many ﬁndings correlate with mechanisms
present in more complex life forms [2,3]. One example is calorie
restriction (CR)1, which increases both the replicative and the
chronological life span of this yeast and extends longevity of metazoans
as well [4–7].
In yeast, CR promotes several physiological changes, including a
metabolic shift from fermentation to respiration [2,6], enhanced stress
resistance [8], and increased clearance of damaged macromolecules
by means of autophagy [9]. Intriguingly, however, no reports to datehave examined CR effects on the ubiquitin–proteasome system (UPS)
in aging S. cerevisiae.
The UPS is the primary pathway through which cells control, in an
acute and regulatedmanner, the levels ofmost intracellular proteins. The
process generally starts with the conjugation of polyubiquitin chains to
proteins, signaling their degradation by the 26S proteasome [10].
The 20S core particle, or proteasome 20S, is the central component of
the proteasomal complex. Proteasome 20S is constituted by seven α
subunits andsevendistinctβ subunits. The inner chamberof the catalytic
core displays three different proteolytic activities: chymotrypsin-like,
trypsin-like, and caspase-like activity [11]. Inside yeast cells, the 20S core
particle may be isolated or capped at one or both ends with a 19S
regulatory unit [12]. Capping 20S with 19S units confers ATP and
polyubiquitin dependence for protein degradation, in addition to
changing the structure of 20S gating α rings and enabling enhanced
substrate access to the inner proteolytic chamber, thus increasing its
processivity [12,13]. Whereas polyubiquitinated proteins are degraded
by the single- or double-capped proteasome, evidence suggests that
oxidized proteins (up to a certain degree of oxidation) are mainly
degraded by the 20S core particle in an ATP- and ubiquitin-independent
manner [14].
UPS has been shown to participate in the genesis of a number of
pathological conditions. Its activity is altered in rheumatoid autoimmune
diseases [15] and cancer [16]. Additionally, UPS activitywas shown to be
decreased not only in aged cells and organisms [17] but also in
pathologies commonly associated with aging such as Alzheimer and
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activity in aging rodents [20–22]. Considering the importance of UPS
for cellular homeostasis and the ability of CR to delay aging, the aim of
this work was to study the effects of CR on the UPS.
Materials and methods
Culture media and yeast strains
S. cerevisiae cells were cultured with continuous 200 rpm shaking,
at 30 °C, in liquid YPD (1% yeast extract, 2% peptone, and 2.0 or 0.5%
glucose—all from BD Biosciences, Franklin Lakes, NJ, USA). Cells grown
in 2.0% glucose are referred to as control cells and those grown in 0.5%
glucose are referred to as CR cells. Cells were inoculated (105/ml) and
grown for 16 h or 28 days. The yeast strain used was RJD1144, with a
proteasome β4 subunit tagged with a FlagHis6 tag [23].
Chronological life-span determinations
Yeast chronological life span was assayed as the ability to form
colonies when aged cells were plated in solid medium [7]. In brief, 100
cells (as determined by absorbance at 600 nm) were plated on solid
YPD medium (1% yeast extract, 2% peptone, 2% glucose, and 2%
bacteriological agar). Colonies were counted after 48 h of growth at
30 °C.
H2O2 removal and catalase activity
The ability of yeast extracts to remove total H2O2 was analyzed by
incubating 10–1000 μg of protein extract (obtained as described
below) with a 2 mM solution of H2O2 in 0.1 M phosphate buffer, pH
7.0, for 3 min at 37 °C. A 2.5-μl aliquot was taken and diluted in 2 ml of
the same buffer containing 50 μM Amplex red (Molecular Probes,
Carlsbad, CA, USA) and 1 U/ml horseradish peroxidase. Fluorescence
was recorded using a Hitachi F-4500 ﬂuorescence spectrophotometer
(Hitachi, Tokyo, Japan) operating at 563 nm excitation and 587 nm
emission, with continuous stirring, at 30 °C. Results were calibrated
using known quantities of H2O2. Catalase activity in yeast extracts was
evaluated measuring O2 generation from 500 μg of protein extract
upon incubation with 2 mM H2O2. O2 generation was followed for
5 min using a computer-interfaced Clark-type electrode (Hansatech
Instruments, Norfolk, England) operating with continuous stirring at
30 °C.
Glutathione assays
Oxidized glutathione (GSSG), reduced glutathione (GSH), and total
glutathione were determined using a DTNB colorimetric assay, as
previously described [24]. Values were calculated as glutathione
content per gram cells and expressed relative to 16-h CR cells.
O2 consumption
O2 consumption by intact yeast cells was monitored over time
using a high-resolution respirometer (Oroboros, Innsbruck, Austria)
operating at 30 °C with continuous stirring. An aliquot of yeast cells
was centrifuged (1000 g, 5 min, 30 °C) and the pellet resuspended in
2 ml of fresh YPD. Results were normalized by cell number (as
determined by absorbance at 600 nm).
H2O2 production
Hydrogen peroxide release was assessed in intact yeast cells. Brieﬂy,
the cells were centrifuged (1000 g, 5 min, 30 °C) and suspended in fresh
YPD medium (pH 6.4) containing 50 μM Amplex red and 1 U/ml
horseradishperoxidase.H2O2 release,measuredas resoruﬁnﬂuorescence,was followed for 5 min at 30 °C with continuous stirring [4], using a
Hitachi F-2500 ﬂuorescence spectrophotometer operating at 563 nm
excitation and 587 nmemission. Resultswere normalized by cell number
and calibrated using known quantities of H2O2.
Proteasome activity
The activity of the proteasome was analyzed in the cytosolic
extract of RJD1144 cells grown in 0.5 or 2.0% glucose for 16 h or
28 days, in the presence or absence of ATP. For assays in the presence
of ATP, periodic additions (5 mM) were maintained throughout the
assay time. RJD1144 cells were disrupted by vortexing with glass
beads in ATP-lysis buffer (50 mM Tris, pH 7.5, 5 mM MgCl2, 10%
glycerol, 5 mMATP—all from Sigma, St. Louis, MO, USA). Extracts were
centrifuged (10,000 g, 40 min, 4 °C), the protein concentration was
determined by the Bradford method, and 25 μg of proteins was
incubated with 120 mM ﬂuorogenic proteasome substrate Suc-Leu-
Leu-Val-Tyr-AMC (Calbiochem, Darmstadt, Germany), speciﬁc for
chymotrypsin-like activity. The increase in ﬂuorescence due to AMC
cleavage by the proteasome was followed for 45 min using a
ﬂuorescence spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA). For assays in the absence of ATP, the same procedure was
followed without added ATP.
Protein carbonyls and polyubiquitinated protein detection
Protein carbonylation was quantiﬁed by yeast protein extract
derivatization with 2,4-dinitrophenylhydrazine followed by immuno-
logical detection. Yeast cellswere lysed in 50 mMTris in the presence of
10 μl/ml of protease inhibitor cocktail (Sigma) and150 μgof proteinwas
incubated with 5 mM 2,4-dinitrophenylhydrazine and 6% sodium
dodecyl sulfate (SDS) for 30 min, followed by neutralization with 25%
β-mercaptoethanol. Five micrograms of protein was then applied to
SDS–PAGE (5% stacking, 10% resolving gel). Proteinswere transferred to
a PVDF membrane and the Western blot was developed using primary
anti-dinitrophenylhydrazine rabbit serum (Calbiochem) at 1:10,000
dilution. For polyubiquitination detection, 50 μg of proteins was
subjected to SDS–PAGE (5% stacking, 8% resolving gel) and transferred
to PVDF membranes. Western blots were developed using a primary
mouse anti-ubiquitin antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) at 1:1000 dilution. Images were analyzed using ImageJ
software, integrating the intensities of all visible bands in a ﬁxed area.
20S and 19S protein concentration
The amounts of 20S and 19S were estimated by Western
immunoblotting. Fifty micrograms of protein extract was separated by
SDS–PAGE (5% stacking gel and 10 or 12% resolving gel, respectively)
and transferred to PVDF membranes. Western blots were incubated
overnight at 4 °Cwith1:1000mouse anti-Flag antibody (Sigma), for 20S
determinations, or 1:2000 rabbit anti-RPT1 antibody (Enzo Life
Sciences, Lausen, Switzerland) for 19S determinations. Images were
analyzed using ImageJ software, integrating the intensity of the speciﬁc
band in a ﬁxed area.
Ubiquitin binding ability of cytoplasmic extracts
To measure the ability of cytoplasmic yeast extract to bind
ubiquitin, yeast cells were disrupted by vortexing with glass beads
in 50 mM Tris, pH 7.5. The homogenate was centrifuged (35 min,
15,000 g, 4 °C) and protein concentration was determined using the
Bradford method. For the reaction mixture, 60–240 μg of cytosolic
proteins was incubated with 3 μg of a poly(His)-tagged ubiquitin
(Calbiochem) in the presence of 5 mM ATP, 5 mM MgCl2 in 20 mM
Tris, pH 7.5, for 10 min at 30 °C under continuous shaking. The
samples were then subjected to incubation with nickel Sepharose
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sequential washes with 1 ml washing buffer (Tris 20 mM, NaCl
150 mM), ubiquitin bound to the resin was eluted with 500 mM
imidazol and samples were subjected to SDS–PAGE and blotted onto
nitrocellulose membranes. Western blots were developed with a
primary mouse anti-ubiquitin antibody at 1:1000 dilution. This assay
was also conducted using aged control cells disrupted in the absence
or presence of 5 mM dithiothreitol.
Ubiquitination assay
To assess the ability of cytoplasmic yeast extract to polyubiquiti-
nate endogenous proteins, a ubiquitination assay was performed.
Aged CR and control cells were disrupted in 50 mM Tris, pH 7.5, the
homogenate was centrifuged (35 min, 15,000 g, 4 °C), and the protein
concentration was determined using the Bradford method. For the
reaction mixture, 50 μg of cytosolic proteins was incubated with or
without 10 μg of ubiquitin (Calbiochem) in 20 mM Tris, pH 7.5,
containing 5 mM ATP, 5 mM MgCl2, and 30 μM proteasome inhibitor
bortezomib (LC Laboratories). Ubiquitination was allowed to proceed
for 120 min at 30 °C under continuous shaking. The samples were
then subjected to SDS–PAGE and the resulting gel was stained with
Coomassie dye.
Statistical analysis
Data are presented as averages±SEM. Statistical analysis and
comparisons were performed using unpaired Student t tests or one-way
ANOVA followed by Tukey posttest conducted by GraphPad Prism60
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Fig. 1. CR improves the redox state in aging S. cerevisiae. (A) Cell viability assessed in cells gro
andmethods. (B) O2 consumption in yeast cells was monitored after 16 h (closed bars) or 28
methods. (D) Oxidized glutathione (GSSG) and reduced glutathione (GSH) were determined
matched CR. #Pb0.05, ##Pb0.01, and ###Pb0.001 vs the 16-h counterpart.software. Western blot images were analyzed using ImageJ software,
integrating the intensity of the bands in a ﬁxed area.
Results
CR increases cell viability and O2 consumption and improves cellular
redox state
As previously reported for other S. cerevisiae strains [4,6,7,25],
RJD1144 yeast cells with a tagged proteasome β4 subunit aged under
CR conditions were able to form more colonies than control cells
when plated in solid medium during the stationary phase (Fig. 1A),
indicating enhanced chronological longevity. Further experiments
were conducted with cells at opposite ends of the viability curve (i.e.,
16 h and 28 days) to cover the early and late points of the aging
window.
At 16 h, CR cells presented increased O2 consumption compared to
control cells (Fig. 1B), a result similar to those obtained employing other
yeast strains [2,4,6,25]. Interestingly, although glucose is exhausted
within the ﬁrst days in culture, respiratory differences weremaintained
and even increased in 28-day-old cells (Fig. 1B). Parallel H2O2 release
measurements suggest that CR and control cells have similar H2O2
absolute release rates when analyzed after 16 h or 28 days (results not
shown), although quantitative determinations were questionable
because of dye interference with the culture medium. Mitochondrial
H2O2 measurements indicate that CR decreases generated H2O2[7].
We also analyzed the H2O2-removing ability of yeast cells by
incubating cell extracts with a ﬁxed concentration of H2O2 and found
that 16-h CR cell extracts removed H2O2 more effectively than
controls (Fig. 1C, solid symbols). H2O2-removing ability was increasedC CR C CR
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cells was no longer detected (Fig. 1C, empty symbols). H2O2-removal
ability results were later conﬁrmed to be due to catalase activity (and
not thiol peroxidases), because assays of O2 generation after
incubation with a H2O2 solution showed the same proﬁle (results
not shown).
In agreement with prior reports [7,26], we found that CR improved
GSSG/GSH ratios (Fig. 1D) at 16 h, although this improvement was not
maintained in 28-day cultured cells. It is noteworthy that there is a
pronounced increase in GSSG/GSH ratios in both CR and control
groups at 28 days, suggesting that the intracellular redox state in 28-
day cells is more oxidizing than that of 16-h cells, as would be
expected in aged cells.
Taken together, these results demonstrate that CR increases O2
consumption rates and improves the redox status in yeast cells
[2,4,6,7,25,26], at least during the early culture stage. Surprisingly,
many of these changes persist up to 28 days in the stationary phase,
despite the exhaustion of glucose under both conditions within the
ﬁrst days in culture.CR and aging change proteasome activity
The proteasome is important for survival in stationary-phase yeast
[27]. Because CR increased yeast longevity under these conditions, we
sought to determine whether proteasome activity is affected by CR in
aging yeast.We found that when cytoplasmic extracts were obtained in
the presence of ATP, thus containing both the 20S- and the 19S-capped
proteasomes, CR cells displayed an increased chymotrypsin-like activity
in comparison to control cells (Fig. 2A). The speciﬁcity of the assay was
assessed by incubation with lactacystin, a proteasome inhibitor, whichC CR C CR
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Fig. 2. CR increases proteasome activity, but not expression. Stationary cells grown for 16 h (c
5 mMATP and proteasomal activity was assessed in cytoplasmic extracts as described under
19S unit were assessed in the cytoplasmic extracts through the immunodetection of β4 and R
16-h counterpart.at the concentration of 40 μM completely inhibited the ﬂuorescence
increase (results not shown).
To verify if altered proteasome activity was the result of
differences in 20S core particle activity, we performed the same
peptidasic activity assays using cytoplasmic extracts obtained in the
absence of ATP and in the presence of 125 mM NaCl. ATP is needed to
stabilize 19S coupling to the 20S catalytic core and its absence and
high-salt concentrations lead to 19S uncoupling [28]. Thus, the
peptidasic activity in extracts without ATP reﬂects the activity of the
total amount of the 20S core. Under ATP-free conditions (Fig. 2B), we
found that the differences described in Fig. 2A were accentuated, with
a very signiﬁcant increase in chymotrypsin-like activity in CR cells
observed in both 16-h and 28-day extracts.
The protein amount of the 20S core particle was assessed by
measuring the 20S β4-Flag subunit concentration andwas statistically
similar in both groups (Fig. 2C), although aged cells tended to have
higher 20S proteasome quantities. Overall, altered proteasome
activity does not seem to be due to decreased 20S protein expression
in control cells. When 19S regulatory unit amounts were assessed as
RPT1 expression, we found that control cells had more 19S units than
CR cells, both at 16 h and at 28 days (Fig. 2D).
CR and aging alter carbonylated and polyubiquitinated protein levels
To verify how changes promoted by CR or aging reﬂect on protein
carbonylation or polyubiquitination, we performed Western immu-
noblots for these two pools of modiﬁed proteins degraded by the
proteasome 20S and 26S, respectively [14,30]. Immunodetection of
protein carbonyls after derivatization with dinitrophenylhydrazine is
a classic method to measure oxidatively modiﬁed proteins. Numerous
reports in animal models show that there is an increase in proteinCh
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Similarly, in our S. cerevisiae model, immunodetection of derivatized
proteins demonstrated that aging induced a signiﬁcant increase in
carbonyl content in control cells, strongly prevented by CR (Fig. 3A).
Polyubiquitin chains tag proteins for 26S proteasomal degradation
[30].When the proteasome is inhibited, one of the early consequences
is polyubiquitinated protein accumulation [12,33]. Blots of yeast
protein extracts were probed with an anti-ubiquitin antibody, and we
observed that polyubiquitinated protein levels were increased in
young control cells compared to CR cells (Fig. 3B). This result is in line
with the decreased proteasome activity found in control cells (Fig. 2),
promoting decreased protein removal. Surprisingly, polyubiquiti-
nated proteins were signiﬁcantly decreased in control cells after
28 days in culture (Fig. 3B) despite decreased proteasomal activity.
This discrepant fact led us to hypothesize that decreased protein
polyubiquitination may occur during aging.
Aging and CR affect polyubiquitination
Several reports show that ubiquitin-activating and -conjugating
enzymes are modulated by the redox environment [34,35]. Because we
found a profound decrease in polyubiquitinated proteins in control cells
aged 28 days,we sought to verifywhether ubiquitinationwas impaired.
Compared to controls, CR extracts weremore able to increase the levels
of high-molecular-weight proteins when incubated with exogenousCR C CR C
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Fig. 3. CR prevents protein carbonylation andmaintains ubiquitination activity in aged cells. S
extract was separated by SDS–PAGE, blotted, and probed against polyubiquitin or dinitrop
Western blot. *Pb0.05 vs time-matched CR, ##Pb0.01 vs the 16-h counterpart.ubiquitin (Fig. 4A), indicating that CR preserves the ubiquitinylating
ability of aged yeast cells. Theseﬁndings are supported by the ubiquitin-
binding assay designed to assess the ability of the cytoplasmic extract to
complexubiquitin. Tagged ubiquitin in the aged control samplewas less
consumed by cellular extracts compared to aged CR cells, and a larger
amount of tagged ubiquitin was retrieved in the eluate of the nickel–
resin of control cells, as revealed by Western blotting (Fig. 4B).
Additionally the ubiquitin-binding ability of aged control cell extract
was improved in the presence of the reducing agent DTT (Fig. 4C),
suggesting that the impairment of E1 and/or E2 enzymesmay be related
to redoxmodiﬁcations. Thus, our results conﬁrm that the ubiquitination
process is impaired in aged control cells.
Discussion
Aging is an endogenous, progressive, and irreversible process that
increases the risk of disease and death. Although certainly not the only
cause of aging, reactive oxygen species are well demonstrated to
participate in the aging process (reviewed in [36]). Indeed, oxidative
damage to proteins increases with age [37,38] and is present in a
number of pathological conditions associated with aging, including
Alzheimer [39] and Parkinson [40] diseases.
The pool of oxidized proteins present in a biological sample
reﬂects the balance between protein oxidation and removal. One of
the main systems responsible for oxidized protein removal is the 20SCR C CR C
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Fig. 4. CR preserves ubiquitination activity during aging. (A) Stationary cells grown for
28 days were lysed and incubated with a ubiquitination mixture and 1 μM bortezomib
for 120 min as described under Materials and methods. Proteins were separated by
SDS–PAGE and the resulting gel was stained with Coomassie blue. (B) Stationary cells
grown for 28 days were lysed and incubated with tagged ubiquitin. After incubation,
modiﬁed ubiquitin bound to the nickel–resin was separated by SDS–PAGE, blotted, and
probed. The percentage of retrieved ubiquitin relative to lane 1 is indicated above the
blot. (C) The assay in (B) was repeated with aged control cells lysed in the presence or
absence of 5 mM DTT, as indicated. The optical density of the ubiquitin band was
quantiﬁed and indicated above the gel.
Scheme 1. Schematic representation of the results of this study. Aging in control cells
involves a more oxidative environment, decreased proteasomal activity, and impaired
ubiquitination. As a result, aged cells accumulate large quantities of oxidized proteins
and lack ubiquitination. On the other hand, during aging of calorie-restricted cells, the
intracellular environment is less oxidativeand theproteasome ismoreactive. Additionally,
the ubiquitination process ismaintained.With time, no accumulation of oxidized proteins
occurs, and protein turnover is preserved, contributing to an increased chronological life
span.
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is important for yeast survival in the stationary phase [27], only one
early study follows proteasome activity in aging yeast [41]. Because
CR is an effective protocol for delaying aging in very different
organisms, we took advantage of it to modulate yeast aging (Fig. 1A)
and analyze its effects on oxidized and polyubiquitinated protein
pools and proteasome peptidasic activity.
We found that CR improved proteasomal activity in young and
aged yeast cells (Figs. 2A and B). Interestingly, the differences
between CR and control groups were less pronounced when
measured in the presence of ATP compared to those obtained in the
absence of ATP. Differences in activity were not due to changes in
proteasome concentration, as assessed by Western blotting (Figs. 2C
and D).
Proteasome activity is limited by redox modiﬁcations [29]. To
assess the redox state of CR and control young and aged cells we
performed a series of measurements that indicated that oxygen
consumption rates were increased in young and aged CR cells
compared to controls (Fig. 1B). Cells grown under both conditions
released the same amount of total H2O2. However, H2O2 released by
intact cells is the ﬁnal product of production by different sources (i.e.,
mitochondria and peroxisomes), removal, cell-wall permeability, and
reactions in the cell. Reports using isolated mitochondria or
permeabilized S. cerevisiae spheroplasts show a decrease in H2O2
release under CR conditions [4,7], suggesting that the production of
oxidizing species by these organelles is reduced in CR. Indeed, similar
results are observed in animal models [42,43].
The ability to remove H2O2 was assessed in cytoplasmic extracts of
young and aged S. cerevisiae and indicated that young CR cells are
more able to remove this oxidant than young control cells (Fig. 1C). Inaged cells, the ability to remove H2O2 increased signiﬁcantly, under
both CR and control conditions. Furthermore, the ratio of oxidized to
reduced glutathione increased in aged cells and was decreased in
young CR cells relative to controls. Overall the results point to a more
reducing environment in young CR cells than in control cells. Indeed, a
number of components of the antioxidant defense system have been
previously shown to be increased by CR [26,44]. It is tempting to
speculate that the differences in proteasome activity measured may
arise from these redox modiﬁcations, less prevalent under CR
conditions.
To assess the impact of changes in redox state and proteasome
activity on modiﬁed protein homeostasis, we looked at two pools of
modiﬁed proteins that are respectively 20S and 26S proteasome
substrates: carbonylated proteins and polyubiquitinated proteins
(Fig. 3). We found that CR completely prevented the accumulation
of carbonylated proteins that occurs during aging in control cells.
Because oxidant and antioxidant levels are reasonably similar in both
aged groups, the decreased 20S proteasome activity is probably the
main determinant of oxidized protein accumulation in aged control
cells.
Polyubiquitinated proteins were signiﬁcantly increased in the
young cell control group relative to CR, a result compatible with
measured proteasome activities. Surprisingly, aged control cells had
signiﬁcantly fewer polyubiquitinated proteins compared to aged CR
cells, despite decreased proteasomal activity. As a result, wemeasured
the integrity of the polyubiquitination process. Protein ubiquitination
involves ubiquitin-activating (E1), -conjugating (E2), and -ligase
enzymes (E3). Both the ubiquitin-E1 reaction and the ubiquitin-E2
conjugation involve thiol ester linkages. Thismakes the ubiquitination
process redox sensitive [35]. Accordingly, we found that CR cells were
more efﬁcient in protein polyubiquitination activity when incubated
with exogenous ubiquitin. Additionally, control cells are unable to
consume exogenous ubiquitin, whereas no exogenous ubiquitin was
retrieved in the eluate from CR cells, indicating that E1 ubiquitin-
activating and/or E2 ubiquitin-conjugating enzymes are active in the
aged CR extract. The fact that aged control cells lysed in the presence
of the reducing agent DTT displayed an improved ability to bind
ubiquitin compared to cells lysed in the absence of DTT suggests that
ubiquitin-binding impairment in aged control cells is related to
oxidative modiﬁcation in E1 and/or E2 enzyme. Together, the results
indicate that, in addition to increasing proteasome activity, CR
preserves ubiquitination ability in aged yeasts.
Scheme 1 summarizes our main ﬁndings and conclusions. The
body of results demonstrates that control cells present a more
670 F.M. da Cunha et al. / Free Radical Biology & Medicine 51 (2011) 664–670oxidative intracellular environment, in addition to decreased 20S
proteasome activity, resulting in a massive accumulation of oxidized
proteins in aged cells, an effect prevented by growth under CR
conditions. In addition, the ubiquitination process was severely
impaired in aged control cells, a process necessary not only for
proteasomal degradation of signaling and regulatory proteins [45] but
also for DNA repair [46] and autophagic processes [47]. As a result, the
ﬁnding that CR preserves ubiquitination in aged cells brings light to
many further processes affected by this culture condition. Overall, we
ﬁnd that CR and aging have profound effects on protein modiﬁcation
in S. cerevisiae and hope future studies will uncover how these
processes relate to aging and CR in more complex organisms.
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